Sequential replication of bacterial chromosomes has been suggested from the pattern of DNA synthesis after amino acid deprivation from amino acid requiring mutants of E. coli (Maal~e, 1961) . More direct evidence has recently been reported in different systems. In the Bacillus subtilis transformation system, the replication of different markers in B. subtilis does not occur in random-intime fashion but has a regular oriented pattern (u and Sueoka, 1962 (u and Sueoka, , 1963a (u and Sueoka, , 1963b . Nagata (1962, 1963) reported evidence of sequential replication of the E. coli chromosome by studying the pattern of duplication of ~ prophage in synchronized cultures of Hfr strains of E. coli K12. The unidirectional replication of E. coli chromosomes was also demonstrated from a radioautographic study by Cairns (1963) .
In this paper, the data obtained in the B. subtilis system are summarized, and the more recent results will be presented. Thus, the replication of markers on the chromosomes of a strain (strain 23 of Burkholder and Giles, 1947 ) follows a definite pattern, allowing construction of a genetic map of the entire chromosome. This polarity of chromosome replication is not, however, found in another strain of B. subtilis (strain 168 of Burkholder and Giles, 1947) . The implication of this result to the regulation of chromosome replication will be discussed.
COMPARISON OF MARKER FREQUENCIES IN THE EXPONENTIAL AND STATIONARY GROWTH PHASES
Comparison of the relative frequencies of genetic markers in an exponentially growing cell population of Bacillus subtilis, strain 23, was made by using the genetic transformation system developed by Spizizen (1958) . If chromosomal replication has polarity, there should be a difference in the frequency of genes, depending on their position on the chromosome. The simplest model, in which the chromosome replicates from one end (origin) toward the other end (terminus) at an approximately uniform speed with both strands replicating ( Fig. 1) , predicts that in an exponentially growing population without any synchrony of chromosomal replication, the frequency of a genetic marker located close to the origin is nearly twice as high as that of a marker near the terminus. The frequency distribution of markers as a function of their position X on the chromosome is g(X) = 21-x (mapping function, see appendix of Yoshikawa and Sueoka, 1963a) . Experimental determination of marker frequency in a given transforming DNA preparation, however, requires another condition. Since the efficiency of transformation varies from marker to marker due to their differences in the integration efficiency, mere comparisons of numbers of transformants for different markers do not tell us the actual frequencies of the markers in the DNA preparation in question. This problem can be solved if we find a condition in which all markers are equally frequent. We chose the stationary growth phase as a possible equalgene-frequency condition. In this state, markers should be equally frequent, if all the cells in the stationary phase have complete, resting chromosomes. The validity of the assumption is supported by the actual observation of two markers, ade and met, which shows the ratio of the marker frequency two between exponential and stationary phases.
DNA was isolated from a wild type strain of B. subtilis (W23) at various times in the exponential and stationary growth phases (Fig. 2) . Relative frequencies of transformants for various markers were compared for these DNA samples. For each marker and for each DNA sample, the number of transformants obtained was normalized to the number obtained for the methionine marker. Then these normalized values were again normalized to the value for DNA sample No. 7, taken from a stationary phase culture (see Fig. 2 ). These final values are presented in Table 1 and show significant differences between different markers. phase gradually decreases and finally reaches the stationary value. Our assumption is that the stationary chromosome represents the completed form. (The abbreviations, ade, his, ileu, ileuval, ind, leu, lys, met, phe, thr , and tyr were used for mutants requiring adenine, histidine, isoleucine, isoleucinevaline, indole, leucine, lysine, methionine, phcnylalanine, threonine, and tyrosine, respectively.)
The genetic map of B. subtilis shown in Fig. 4 was constructed by calculating the position (X) of each marker from the observed normalized value of that marker in the exponential phase, using the mapping function. Markers which had previously been shown to be linked (Nester and Lederberg, 1961; Ephrati-Elizur et al., 1961; Fox and Hotchkiss, 1960) (Marmur, 1961) .
It is remarkable that for none of the eleven markers tested is the normalized value for the exponential phase more than twice the value in the stationary phase. The marker with the highest frequency in the exponential phase is ade and the lowest arc met and ileu. The ratio between these two classes of markers is close to 2, which is the maximal ratio predicted by the proposed model. A more detailed analysis of early and late stationary phases was made using the two extreme markers, ade and met (Fig. 3) for a joint transformation of various combinations of the markers. A new linkage between met and ileu was discovered. This is in complete agreement with the proposed map (Fig. 4) .
ISOTOPIC TRANSFER EXPERIMENTS
The experiments were based on the isotopic transfer of cells from a heavy (D20-N 15) medium to a light (H20-N 14) medium, and on the measurements of rates of conversion of various markers from heavy (parental) into intermediate (hybrid) DNA molecules.
If the assumption that the chromosomes of the stationary phase cells are in the completed (nonreplicating) form is right, the chromosome should start replicating synchronously from the origin where stationary cells are diluted in a fresh medium. Therefore, if the cells which have reached the stationary phase in a heavy medium are transferred to a light, fresh medium, the markers should be transferred to the hybrid DNA molecules in the order of their replication.
The DNA donor strain (W23), which had been conditioned in 99.7% D20-N is medium (see Yoshikawa and Sueoka, 1963b; Marmur and Schildkraut, 1961 ) was grown in a P3~-labeled phosphatecontaining heavy medium for about 10 generations and brought to a stationary phase. Cells were then transferred to the light medium with P32-1abeled phosphate of the same specific activity as the heavy medium. Samples were taken at various times after transfer as indicated in Fig. 5 . Cell lysates were prepared from heated cells with lysozyme and duponol, and centrifuged in a CsC1 solution, thereby securing profiles of p3~ radioactivity and transforming activity. Although there was no lag of growth measured by the optical density of the culture, there was a definite lag in the DNA synthesis, calculated from DNA profiles obtained by CsC1 density gradient centrifugation. Sample 5, in which parental and hybrid DNA molecules are about the same, was analyzed for transforming activity for 
|20 |50
HOURS MINUTES TIME FIGURE 5. Isotopic transfer of stationary cells. The DNA donor strain (W23) of B. subtilis previously conditioned to grow in 99.7% D20-N is medium was brought to the stationary phase in 20 ml D~O-Nzs-P 32 medium. Cells were collected by centrifugation and resuspended in 60 ml of a fresh H20-Nz4-P 32 medium. Specific radioactivity of P s2 is the same in the D20-N 15 and the H20-N 14 media. Seven samples of 5-10 ml were taken at different times after the transfer. Cells were centrifuged, suspended in a versene saline solution, and their lysates prepared immediately after sampling. Increase of DNA after transfer was calculated from the relative amount of hybrid DNA observed in the profiles obtained by the CsC1 density gradient centrifugation technique.
the various markers. The result is shown in Fig. 6 and Table 2 . The main sequence of the transfer of the various markers completely agrees with the results described in the previous section (Fig. 4) . It should be noted, however, that about 20% of the activities of the terminal markers, met and ileu, were found also in the hybrid DNA peak. This would indicate that some chromosomes at the stationary phase in the heavy medium were not in a complete form of replication at the time of transfer. The fact that the ade/met ratio of the DNA sample at the time of transfer was 1.13 indicates that about 20% of the chromosome was not in the completed form. As the second experiment, the DNA sample was taken at 0.3 generation after transfer to the light medium from the heavy medium during the exponential phase. The results were similar in principle to those obtained in the previous experiment (Fig. 7) . In contrast to the isotopic transfer experiment of the first kind, transfer from the exponential phase should not indicate any difference in the rates of marker transfer from heavy DNA to hybrid DNA unless the fraction of the resting period of DNA synthesis is larger in the heavy than in the light medium. Decrease of the resting period after transfer will result in a partial synchronization of chromosomal replication.
The generation time of growth, and the ade/met ratio of DNA from both exponential and stationary phases in the heavy medium, were compared with those of the normal medium (Table 3) . In contrast to the ade/met ratio of 2.0 of DNA from the exponential phase in the normal medium, the exponential DNA in the heavy medium showed an ade/met ratio of 1.47, which indicated that about 50% of the cells had resting chromosomes. FIGURE 7. Comparison of the conversion rate of various markers from parental (heavy) to hybrid DNA molecules. For each marker, specific transforming activities of both parental and hybrid, expressed as P and H respectively, were calculated by dividing the total transforming activity of each marker with that of pa~ activity, using the profiles shown in Fig. 6 for transfer from stationary phase, and those shown in Fig. 6 in Yoshikawa and Sueoka (1963b) for transfer from the exponential phase. Positions of markers on the chromosome were taken from the map (Fig. 4) . a. B. subtilis W23 preadapted to the D~O medium was grown in the D20 medium and brought to the stationary phase as shown in Figure 1 . Cell samples were taken from the exponential and stationary phases. Transforming activities for the ade, leu and met markers were tested using a recipient strain Mu8u5u6) . DNA samples of the W23 strain grown in the ordinary H20 medium were tested simultaneously.
b. The ratio of ade or leu transformants to met transformants for the ordinary DNA was taken as 1 (standardization).
REPLICATION OF THE CHROMOSOME IN STRAIN W168, IN COMPARISON WITH THAT OF W23
In the previous sections, we presented evidence for sequential replication of the chromosome in B. subtilis strain W23. In order to generalize the observation, strain W168, a wild type derivative of strain 168 of Burkholder and Giles (1947) was examined. Strain 168 has a common origin, with strain 23 (see also Burkholder and Giles, 1947) , but differs from it in several physiological characteristics. In contrast to the fact that all auxotrophic mutants derived from strain 168 by the UVpenicillin method are transformable, none of the auxotrophic mutants of strain 23 are transformable (Table 4) .
Relative frequencies of various markers were compared for DNA samples of W168 isolated from the exponential and stationary phases. Relative frequencies of markers to met which were normalized to that of stationary phase DNA are shown in Table 5 . The exponential DNA of W168 does not give any sign of replication polarity. The difference between these two strains was further examined by measuring the relative frequency of markers to met of the DNA samples taken from a newly growing cell from the stationary phase in a normal medium. If the replication of the chromosome has polarity, and stationary cells have completed resting chromosomes, as is the case in strain W23, markers toward the origin of replication should double immediately after the cells start to grow and other markers should duplicate sequentially in time, depending on the position on the chromosome. Strains W23 and W168 were grown to the stationary phase and diluted 3 to 5 times with a fresh medium which allowed the cells to grow again without any appreciable lag. Samples were taken at various times after dilution and DNA was isolated. Relative frequencies of various markers to the met marker normalized to those of stationary DNA were shown in Figs. 8 and 9 . In strain W23, the main sequence of the increase of relative frequency is in agreement with the results obtained in Experiments 1 and 2, and gives additional support to the sequential replication of the chromosome in W23. However, the lower ratios of 1.63 and 1.58 for ade/met and thr/met, respectively, and the high ratios of 1.30 and 1.25 for his~met and leu[met at 0.3 generation would suggest either that some chromosomes at the stationary phase were not in complete form, or that the start of chromosome replication was not uniform among the cells after dilution.
In contrast to W23, W168 has failed to show any regular change of relative frequency either in time sequence or in relation to the position of markers on the chrofflosome. The apparent loss of polarity in replication of the chromosome in W168 will be Fig. 2 ) to the stationary phase, and then diluted with the same fresh medium. Immediately after dilution (time 0), the first sample was taken, and after 0~3 and 0.fi generation, judged by increase of optical density at 650 m/~, the second and third samples were taken. Samples were heated at d0~C for i0 mia and DNAs were isolated by the same method shown in the legend of Fig 
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FZ~U~E 9. Marker frequencies during the growth after stationary phase -~, Wild type strain W168 was used.
Growth and sampling conditions w~r~ the same as those of the experimene showa in Fig. 8 . The upper figures in parentheses are the ado~met ratio and the lower figures are the leu/raet. DNA from sample 3 was taken as standard DNA.
discussed later, but so far we have no model which explains the results satisfactorily.
DISCUSSION
Comparison of relative frequencies of various markers in the exponential and stationary growth phases of Bacillus subtilis strain W23 shows that in exponentially growing cell populations, each marker has a different frequency from the other, and the maximum ratio so far obtained is 2 between the adenineless and methionineless markers.
Theoretical analysis of a marker frequency of the same population revealed that these results can be best explained by a model in which replication of the chromosome starts from one end (origin) and proceeds toward the other end (terminus) and both subunits of chromosome (Taylor et al., 1957) replicate simultaneously. The stationary cells should have completed replication and contain resting chromosomes.
Behavior of the linked markers, the his-ind-tyr group (Nester and Lederberg, 1961; Ephrati-Elizur et al., 1961) , and the met-ileu group (Yoshikawa and Sueoka, 1963a) , in the present test supports this model. More direct demonstration of the replication polarity of the chromosome has been given by isotopic transfer experiments Consequently, there is tittte doubt about the sequential order of chromosome replication in B. subtilis strain W23.
However, two modified forms of the oriented replication model cannot be excluded. One is the "subunit-model" in which the chromosome consists of subunits which replicate more or less independently of one another. The replication of each subunit should, however, have polarity to satisfy the present results. In the scheme, the ado iocus would be located close to the origin of one of the subunits, and met and ileu close to the terminus of some subunit.
In another model, replication would start from both ends of the chromosome and of its subunits (two-end model). In this case, the markers that we have mapped in the region close to the origin would physically occupy either end of the chromosome, and those mapped in the terminal region would occupy the middle region. Although a subunit model cannot be excluded, the behavior of linked markers in the present experiments indicates that the subunit, if any, should be fairly large in size. The two-end model cannot readily be excluded by experiments of the present type unless more markers are accumulated and mapped.
However, two lines of evidence on the E. coli chromosome tend to exclude these possibilities, and support the one-end continuous replication model. One is an autoradiographie study by Cairns, who observed only one replication "fork" per chromosome (Cairns, 1963) . The other is a study by Nagata (1962, 1963) , showing that in synchronously growing eutt~res of Hfr strains ofE. coli K12, there is a correlation between the position of the prophage )~ on the host chromosome and the time of prophage replication.
The method and results reported here not only support xn oriented replication model of the chromosome, but also demonstrate a new method of Press Cold Spring Harbor Laboratory on September 18, 2016 -Published by symposium.cshlp.org Downloaded from studying the genetic structure and replication mechanism of chromosomes.
In the previously reported cases of cell synchrony in bacteria (see review articles: Maaloe, 1962; Lark, 1963) , it was an unsettled question whether or not chromosome synchrony accompanied cell synchrony. It is now possible to examine the degree of chromosome synchrony by comparing the relative frequency of the two end markers or of any two markers located at different positions on the chromosome. For example, in the transfer experiment from the stationary phase, the ade/met ratio was 1.13 at the time of transfer ( Table 3 ), indicating that about 80% of the chromosomes were in completed form. This predicts that at best 80% of the chromosomes in the population will replicate synchronously when cells in the stationary phase are transferred to a fresh medium. This prediction was confirmed by observation. Thus, at about 1~ generation after transfer from a heavy to a light medium, in addition to the ade marker, a significant amount of met and ileu markers have been transferred to the hybrid molecule.
The age distribution of chromosomes in the exponential phase described by f(x) -~ (ln 2)21-x (Yoshikawa and Sueoka, 1963a) assumes that no sizable fraction of the generation time is spent in the resting stage in which the chromosome does not engage in replication. This appears to be true for the standard growth condition, because the ratio of ade to met gives a value of 2. In general, however, the frequency ratio of any two markers in the exponential phase will be smaller, the larger the fraction of the generation time occupied by the resting period. Using the two extreme markers, ade and met, it should be possible to detect the presence and to calculate the length of the resting phase in other culture conditions. The relation between the ade/met ratio and the fractional interval of the resting period (q) in a generation is given by 21-q. The ade/met ratio of 1.42 found in the DNA sample from exponentially grown cells in D~O-medium (Table 3) indicates that 48o of the generation time is spent as the resting period. Consequently, a maximal 50 % of the chromosomes in the population will start a new cycle of replication synchronously when the cells are transferred to the light medium in which the resting period is negligible. As a result, the transfer experiment from the exponential phase gives the rate of conversion of various markers from heavy DNA to hybrid DNA somewhat similar to that observed in the transfer experiment from the stationary phase.
Analysis of chromosome replication in the W168 strain of B. subtilis gives a completely different pattern of replication from that of W23. An apparent absence of polarity in replication of the chromosome has been shown, also, in the case of ~t replication in the F-strain (Nagata, 1963) , where the replication of prophage ~t is constant throughout the replication cycle in a synchronously growing cell. The possibility that each genetic marker on the chromosome of W168 replicates at random-in-time without any regular sequence is unlikely, since both strains W23 and W168 originate from the same Marburg strain (Burkholder and Giles, 1947) . In this respect, Cairns (1963) reports that the Fstrains also have a sequential replication pattern.
Studies on DNA synthesis of the amino acid auxotrophic mutant in amino acid deprivation conditions (Hanawalt et al., 1961; Billen, 1960 Billen, , 1962 have accumulated datawhich favor an idea that in the bacterial system a specific material, possibly protein, is essential to initiate a new round of replication of the chromosome (Maaloe, 1961) . Such a hypothetical entity is called an initiator (Jacob and Monod, 1962) . The mode of replication of the chromosome, and the state of the chromosome in stationary cells of the W23 strain also support the model that such an initiator controls each cycle of replication, and a lack of the synthesis of the initiator at the stationary phase causes a cessation of recycling of chromosome synthesis, resulting in a completed chromosome in every cell.
011 the other hand, a model can be proposed for the W168 strain, where the control mechanism by such an initiator is no longer present, so that replication of the chromosome continues until the components essential for DNA synthesis become deficient. Stationary cells of strainW168 may have a heterogenous population of chromosomes in respect to their replicating stages similar to that of exponential phase cells.
There is another model which cannot be excluded at the moment. This is a model in which a randomization of the starting point occurs at the initiation of each new cycle of chromosome replication. The model can be checked experimentally. In Meselson and Stahl's transfer experiment from iN 15 to N 14 medium (Meselson and Stahl, 1958) , DNA isolated from the cell transferred in ~14 for exactly one generation showed one hybrid DNA band in CsC1 density centrifugation. If a randomization of the starting point takes place, one could predict in such a transfer experiment that there should be significant amounts of both heavy and light DNA in addition to the hybrid DNA molecule. The experiment should be carefully done to avoid any complication caused by heterogeneity of the generation time of a population which would also result in the presence of parental and light DNA molecules, besides hybrid molecules, at one generation after the transfer. 
